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ABSTRACT The process through which multipotential
hematopoietic cells commit to distinct lineages involves the
induction of specific transcription factors. PU.1 (also known
as Spi-1) and GATA-1 are transcription factors essential for
the development of myeloid and erythroid lineages, respec-
tively. Overexpression of PU.1 and GATA-1 can block differ-
entiation in lineages in which they normally are down-
regulated, indicating that not only positive but negative reg-
ulation of these factors plays a role in normal hematopoietic
lineage development. Here we demonstrate that a region of the
PU.1 Ets domain (the winged helix–turn–helix wing) interacts
with the conserved carboxyl-terminal zinc finger of GATA-1
and GATA-2 and that GATA proteins inhibit PU.1 transacti-
vation of critical myeloid target genes. We demonstrate fur-
ther that GATA inhibits binding of PU.1 to c-Jun, a critical
coactivator of PU.1 transactivation of myeloid promoters.
Finally, PU.1 protein can inhibit both GATA-1 and GATA-2
transactivation function. Our results suggest that interactions
between PU.1 and GATA proteins play a critical role in the
decision of stem cells to commit to erythroid vs. myeloid
lineages.

The development of specific lineages of peripheral blood cells
from hematopoietic stem cells involves the expression of
lineage-specific transcription factors. Multiple transcription
factors such as CCAAT enhancer-binding protein (CyEBPa),
AML-1B, Sp1, and PU.1 contribute to the control of myeloid
cell development. PU.1, a member of the Ets transcription
factor family, is autoregulated specifically in myeloid cells (1,
2). PU.1 also binds to many myeloid gene promoters, including
the granulocyte colony-stimulating factor (G-CSF) receptor,
granulocyteymacrophage CSF receptor, macrophage CSF
(M-CSF) receptor, CD11b, and myeloperoxidase to regulate
their expression (3). Inhibition of PU.1 function blocks my-
elopoiesis both in vitro (1) and in vivo (4, 5). The amino
terminus of PU.1 serves as an activation domain (6). In B cells,
the PEST [region rich in proline (P), glutamate (E), serine (S),
and threonine (T)] domain of PU.1 recruits a B cell-specific
DNA-binding factor, Pip, to a site that is important for
immunoglobin k 39 enhancer function (7). The C terminus of
the PU.1 Ets-homology domain is a winged helix–turn–helix
motif (8) that serves as a DNA binding domain.

GATA-1 is a critical factor for erythroid cells development.
Its N- and C-terminal zinc finger region is conserved among
GATA family members. The C finger itself is capable of
binding to DNA (9). The N terminus of GATA-1 serves as a
transactivation domain. GATA-1 regulates many erythroid
genes, including itself, the erythropoietin receptor, SCL, and

the b-globin promoter (10). Disruption of GATA-1 function in
mice leads to a loss of erythroid differentiation (11, 12).

PU.1 and GATA-1 are expressed in both early progenitor
cells (reviewed in refs. 3 and 13). During erythroid develop-
ment from multipotential progenitors, GATA-1 is activated
and monocytic genes like PU.1 and its target, the M-CSF
receptor, are repressed (1). Overexpression of PU.1 blocks
erythroid cell differentiation and results in erythroleukemia in
mice (14). Conversely, in parallel with the activation of PU.1
expression during monocytic differentiation, GATA-1 (1) and
GATA-2 (15) are down-regulated. Enforced expression of
GATA-1 or GATA-2 in an early myeloid cell line, 416B,
blocked differentiation to myeloid cells and decreased the
expression of the myeloid cell surface marker Mac-1 and
induced differentiation to megakaryocytic cells (16, 17). These
studies indicate that not only positive but also negative regu-
lation of these factors plays a role in normal hematopoietic
lineage development (14, 17, 18). However, the mechanism of
inactivation of transcription factor function to accomplish this
negative regulation still remains unclear. One way to accom-
plish this inactivation is to represses the expression of those
genes that should not function in a particular lineage. An
example is that GATA-1 represses PU.1 promoter function
2-fold (2). But to inactivate factors that are already at signif-
icant levels may require a different mechanism. One possible
mechanism is to block function through physical interactions,
because these lineage-specific factors are expressed in the
same precursors.

PU.1 acts as a weak transactivator (3), suggesting that it
requires coactivators to achieve activation function through
physical interactions. The DNA-binding domain of PU.1 has
been found to interact physically with many proteins, including
myeloid regulators such as AML-1B and CyEBPa (3, 19). We
recently have demonstrated that the b3yb4 region (amino
acids 243–254) of PU.1 in the Ets domain interacts with a
number of proteins (N.W.-a., Y. Koyama, G.B., S. Tetradis, J.
Tsukada, Y.-T. Ro, D.G.T., and P.E.A., unpublished results),
including c-Jun, which acts as a critical coactivator of PU.1
transactivation of myeloid promoters (20). GATA-1 also has
been reported to interact with Sp1 (21), EKLF (21), and
RBTN2 (22). In addition, the N finger of GATA-1 interacts
with FOG (Friend of GATA-1) (23) and the C finger interacts
with CREB-binding protein (CBP)yp300 (24). These physical
interactions lead to synergistic activation. Obstructing these
physical interactions results in inhibition of the synergistic
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transactivation function of PU.1 and GATA-1 with their
respective coactivators. For example, E1A blocks GATA-1
synergy with CBP (24).

Here, we demonstrate by using a yeast two-hybrid screen and
in vitro glutathione S-transferase (GST) pull-down and in vivo
immunoprecipitation assays that the DNA-binding domain of
PU.1 interacts with the zinc finger region of GATA-2 and the
same highly conserved region of GATA-1 (15). These inter-
actions result in an inhibition of PU.1 transactivation function
as a result of blocking c-Jun binding to PU.1, as both c-Jun and
GATA proteins interact with the same region of PU.1, the
b3yb4 region.

MATERIALS AND METHODS

Yeast Two-Hybrid System. The PEST and DNA-binding
domains of human PU.1 (amino acids 100–272) were fused
in-frame to the GAL4 DNA-binding domain in the pGBT9
vector (CLONTECH). An EML [multipotential cell line (25)]
cDNA library with a VP16 activation domain was used for
screening as described (26). Plasmid DNA from potential
PU.1-binding clones was analyzed by DNA sequencing.

In Vitro Protein Interaction Assays. GST-PU.1 fusion pro-
teins were constructed as described (N.W.-a. et al., unpub-
lished results). Both the full-length human GATA-2 cDNA
and portions containing either the N finger (amino acids
265–327) or the C finger (amino acids 330–407) were sub-
cloned into pcDNA3 (Invitrogen). Proteins were generated
and labeled in vitro by using a coupled transcription and
translation kit (Promega). Expression and purification of GST
fusion proteins were performed as described (27). To test
binding, 2 mg of agarose-bound GST fusion proteins was
incubated with 35S-methionine-labeled full-length or trun-
cated GATA-1 or GATA-2 proteins for 1 hr at 4°C in NETN
buffer (20 mM TriszHCl, pH 7.8y1 mM EDTAy1% NP-40y150
mM NaCly0.5% glycerolyprotein inhibitors). Beads were
washed four times with NETN buffer and then analyzed on
SDSyPAGE gels and detected by fluorography.

Coimmunoprecipitation. PU.1 and either GATA-1 or
GATA-2 expression constructs were cotransfected into CV1
cells by using Lipofectamine (GIBCOyBRL). Forty-eight
hours after transfection, whole-cell lysates or K562 cell nuclear
extracts (28) were incubated with primary antibody diluted
1:500 to 1:1,000 and bound to protein A-Sepharose beads for
90–120 min on ice in 2% glyceroly0.5% Nonidet P-40y1 mM
EDTAy20 mM TriszHCl, pH 8y100 mM NaCly10 mM MgCl2y
0.1 mM ZnSO4. Beads then were washed with prechilled
NETN three times, and bound proteins were separated on
SDSyPAGE gels and transferred to nitrocellulose membranes
for Western blotting. For coimmunoprecipitation of PU.1 and
GATA-2, 10 mg of both PU.1 and GATA-2 polyclonal anti-
bodies first were coupled to protein A beads. Proteins were
detected by enhanced chemiluminescence (Amersham Phar-
macia). Primary antibodies used were rabbit anti-PU.1 (sc-352;
Santa Cruz Biotechnology); rat anti-murine anti-GATA-1
monoclonal (sc-265; Santa Cruz Biotechnology); and rabbit
anti-GATA-2 (29).

Transfection Assays. Transient transfections were carried
out with the Lipofectamine transfection kit (GIBCOyBRL).
Approximately 4 hr after the transfection was initiated, cells
were placed in 10% FCS and incubated for another 40 hr, and
firefly luciferase activity was measured as relative light units
(RLU). The RLU from individual transfections were normal-
ized by measurement of Renilla luciferase activity expressed
from a cytomegalovirus promoter-driven vector in the same
samples (30). Individual transfection experiments were done in
triplicate, and the results are reported as mean firefly RLUy
Renilla (6SD) from representative experiments. HeLa cell
and NIH 3T3 cell transfections were done by calcium phos-
phate precipitation (19). For detection of PU.1, GATA-1, and

GATA-2 protein levels after transfection of CV-1 cells, FLAG-
tagged PU.1 in pECE (31) and FLAG-tagged GATA-1 and
GATA-2 in pcDNA3 were transfected into CV-1 cells by
Lipofectamine. Forty hours after transfection, cells were lysed
in 60 ml of 13 passive lysis buffer (Promega). Twenty micro-
liters of the lysate was used for measurement of luciferase
activity, and 40 ml was used for Western blot analysis by using
M2 anti-FLAG antibody (F3165; Sigma). The relative amounts
of FLAG proteins were quantitated by using IMAGEQUANT
software (Molecular Dynamics).

Electrophoretic Mobility-Shift Assays (EMSAs). EMSAs
were performed as described by using double-stranded oligo-
nucleotides containing the PU.1-binding site from CD11b
promoter (39-GCTCAAAGAAGGGCAGAAAAGGAG-
AAGTAG-59) (32).

RESULTS

GATA-1 and GATA-2 Interact with PU.1 in Vitro and in Vivo.
PU.1 contains three functional domains: an activation domain,
a PEST domain, and an Ets DNA-binding domain (Fig. 1a).
Using PU.1 amino acids 100–272 as ‘‘bait’’ in a yeast two-
hybrid screening, we isolated 26 putative PU.1-binding cDNA
clones from a myeloid cDNA library (33). Two of these clones
perfectly matched the sequence encoding amino acids 230–
400 of GATA-2, including both the N and C zinc fingers (17).
Cotransformant yeast containing both the GAL4-PU.1 DNA-
binding domain and a plasmid in which the VP16 activation
domain was fused to GATA-2 showed a strong interaction as
evidenced by high expression of both histidine and b-galacto-
sidase reporter genes (data not shown). These results verify
that PU.1 specifically interacts with GATA-2 in yeast cells.

Because the N and C fingers of both GATA-1 and GATA-2
are highly conserved (15), we tested whether GATA-1 as well
as GATA-2 interacts with PU.1. As seen in Fig. 1b, GST-PU.1
fusion proteins containing the PU.1 b3yb4 region (amino acids
243–254) precipitated both in vitro-translated GATA-1 and
GATA-2. In contrast, GST alone and GST-PU.1 fusion protein
lacking the b3yb4 region failed to retain either GATA protein
above background levels. The b3yb4 region of PU.1 is an

FIG. 1. PU.1 specifically interacts with GATA-1 and GATA-2. (a)
Schematic of PU.1 and GATA-2 protein structures is shown. Func-
tional domains are designated according to amino acid residue. (b–d)
GST fusion protein interaction studies. 35S-methionine-labeled
GATA-1 or GATA-2 was incubated with equal amounts of GST or
GST-PU.1 fusion proteins. Truncated GST-PU.1 fusion proteins are
marked according to amino acid residue. TAD, transactivation do-
main; PEST, PEST domain; wHTH, winged helix–turn–helix motif;
N-f, N finger; C-f, C finger.
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interaction domain that binds to a number of other important
transcription factors, including c-Jun, CyEBP, and AML1
(N.W.-a. et al., unpublished results). GATA-1 and GATA-2
also interact with GST-PU activation domain (Fig. 1c), al-
though we observe no functional effects of this interaction (see
below). The binding of GATA-1 and GATA-2 to the PU.1
activation domain and b3yb4 region is mediated by the C
finger but not the N finger (Fig. 1d).

We also could demonstrate that the physical interaction
between PU.1 and GATA-1 occurs in vivo in cells in which both
are endogenously expressed by using the human cell line K562,
which has both early myeloid and erythroblastic characteristics
(34). K562 nuclear extracts were immunoprecipitated with
either normal rabbit serum or a rabbit anti-PU.1 polyclonal
antibody. GATA-1 protein was detected by Western blotting
with a GATA-1 murine mAb only in PU.1 immunoprecipitates
(Fig. 2a). Similar interactions could be demonstrated in CV1
cells cotransfected with PU.1 and GATA-1 or GATA-2 ex-
pression constructs (Fig. 2 a and b). To confirm these in vivo
PU.1-GATA interactions, cell extracts from PU.1 1 GATA-2
and mock-transfected CV1 cells were immunoprecipitated
with the anti-GATA-2 antibody and then Western-blotted with
anti-PU.1 antibody. PU.1 protein was detected only in
GATA-2 immunoprecipitates from the PU.1 1 GATA-2
transfected cells, but not in mock-transfected cells or in control
immunoprecipitates by using nonimmune rabbit IgG (Fig. 2c).
These results confirmed that interaction between PU.1 and
GATA-1 or GATA-2 also occurs in vivo.

GATA-1 and GATA-2 Inhibit the Ability of PU.1 to Trans-
activate Myeloid Target Promoters. Transient transfections
were performed by using a luciferase construct driven by four
PU.1 DNA-binding sites in front of a minimal thymidine
kinase (TK) promoter (4XPU-TK) (35). In PU.1 transfectants,
approximately 7-fold induction of PU.1 transcriptional activity
was obtained (Fig. 3a). PU.1 transactivation was repressed by
cotransfection of either GATA-1 or GATA-2. The extent of
repression depended on the ratio of GATA to PU.1 expression
plasmid; .50% inhibition was observed at GATAyPU.1 plas-
mid ratios of 10:1 (Fig. 3a Upper). Suppression of PU.1-
mediated reporter gene expression by GATA-1 or GATA-2
was not associated with any change in the intracellular steady-

state level of PU.1 protein (Fig. 3a Lower), suggesting that
repression resulted from direct effects on PU.1 transactivation
of its target promoter and not on down-regulation of PU.1
expression. GATA-1 and GATA-2 protein levels in transfected
CV-1 cells are equal to the level of PU.1 protein when equal
amounts of FLAG-tagged PU.1, GATA-1, and GATA-2 ex-
pression vectors are used (Fig. 3b Lower). When FLAG-
GATA-1 and FLAG-GATA-2 expression vectors are in-
creased to a ratio of 5- and 10-fold above that of PU.1,
GATA-1 and GATA-2 proteins levels also are increased 3- and
5-fold, respectively, more than PU.1 (Fig. 3b). Therefore,
excess GATA-1 or GATA-2 proteins inhibit PU.1-mediated

FIG. 2. Coimmunoprecipitation of PU.1 and GATA proteins. (a)
Coimmunoprecipitation of PU.1 and GATA-1 from whole-cell lysates
of transfected CV-1 cells and endogenous PU.1 and GATA-1 from
K562 cells with anti-PU.1 antibody (P) or with normal IgG (N).
Western blot analysis was performed by using anti-GATA-1 antibody.
(b) Coimmunoprecipitation of PU.1 and GATA-2 from whole-cell
lysates of transfected CV-1 cells. Western blot analysis was performed
by using anti-GATA-2 antibody. (c) Coimmunoprecipitation of PU.1
and GATA-2 with anti-GATA-2 antibody (G2) or with normal IgG in
transfected CV-1 cells. Western blot analysis was performed with
anti-PU.1 antibody. CV-M, mock-transfected CV-1 cells; CV-T, CV-1
cells transfected with PU.1 and GATA-1 (a) or PU.1 and GATA-2 (b
and c).

FIG. 3. GATA-1 and GATA-2 repress PU.1 transactivation. (a)
CV-1 cells were transfected with 100 ng of the multimerized PU.1-
binding-site reporter (4XPU-TK), 10 ng of PU.1 expression vector
PU.PECE (31), and GATA-1 or GATA-2 expression vectors as
indicated. Luciferase activity is shown as fold activation above the level
of activity seen with the luciferase reporter in the absence of any added
PU.1 expression vector (6SD; n 5 4). Western blot analysis was
performed by using anti-PU.1 antibody to detect the expression level
of PU.1 protein in transfected CV-1 cells as shown, with antitubulin
antibody as a loading control. (b) GATA-1 and GATA-2 inhibit PU.1
transactivation of the M-CSF receptor promoter. CV-1 cells were
transfected with 100 ng of M-CSF receptor promoter-luciferase, 10 ng
of PU.PECE, and GATA-1 or GATA-2 expression vectors as indi-
cated. Luciferase activity is shown as fold activation (6SD; n 5 4).
GATA-1 or GATA-2 alone did not repress the basal activity of either
the 4XPU-TK (a) or the M-CSF receptor promoter (b). Western blot
analysis was performed by using anti-FLAG antibody to detect the
expression levels of FLAG-tagged PU.1, GATA-1, and GATA-2
proteins in transfected CV-1 cells as shown, with antitubulin antibody
as a loading control. (c) Deletion mutation of the C finger of GATA-1
loses the ability to inhibit PU.1 function. (Left) CV-1 cells were
transfected with the M-CSF receptor promoter and PU.1, ID5, and
DC-f expression vectors as indicated. Luciferase activity is shown as
fold activation (6SD; n 5 3). (Right) The reporter is the erythropoietin
receptor promoter-driving human growth hormone (EpoR-GH). Four
micrograms of EpoR-GH and 9 mg of GATA-1 and GATA-2 were
used in these transfection experiments. ID5, N-terminal deletion
(amino acids 1–63 were deleted) of GATA-1; DC-f, C finger deletion
mutation of GATA-1.
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gene activation, as is likely to be the case in primary erythroid
precursors in which GATA-1 levels are higher than PU.1 (1,
36). Suppression of PU.1-induced activation also was observed
with the M-CSF receptor promoter (2416 to 1124 bp) (Fig.
3b), which has been shown previously to be regulated by PU.1
(37). The entire GATA protein was necessary for PU.1
suppression, because the N or C finger alone was not sufficient
to repress PU.1 activation of the PU.1 reporter constructs
(data not shown). However, GATA mutant ID5, which consists
of GATA-1 with a deletion of the first 63 aa, still could inhibit
PU.1 function, but a C finger GATA-1 deletion of amino acids
248–290 did not retain the inhibition function (Fig. 3c Left). To
ensure that the observed GATA-1- or GATA-2-mediated
inhibition did not reflect toxic or other nonspecific effects of
the cotransfected GATA plasmids, luciferase expression from
the PU.1-inducible promoters was normalized to that of a
cotransfected plasmid expressing Renilla luciferase (Promega)
from a cytomegalovirus promoter (30). To confirm that the
GATA proteins were functionally active, transient transfec-
tions were performed by using an erythropoietin (Epo) re-
ceptor promoter expressing human growth hormone (GH) as
a reporter (38). The GATA-1 and GATA-2 expression plas-
mids activated the Epo receptor promoter 10- and 6-fold,
respectively (Fig. 3C Right).

GATA-1 and GATA-2 Do Not Inhibit PU.1 Transactivation
Through Inhibition of DNA Binding or the PU.1 Activation
Domain. We investigated further the mechanism by which
GATA proteins repress PU.1 activity. EMSAs demonstrated
that neither GATA-1 (Fig. 4a) nor GATA-2 (data not shown)
interferes with PU.1 DNA-binding activity (Fig. 4a). We also
investigated whether GATA proteins repress the PU.1 activity
through inhibition of its activation domain. As shown in Fig.
4b, neither GATA-1 nor GATA-2 represses the ability of a
fusion protein containing the GAL4 DNA-binding domain
and the PU.1 activation domain to transactivate a luciferase
reporter containing multiple GAL4 DNA-binding sites (39).
Therefore, we do not believe that the inhibition of PU.1
function is mediated by GATA binding to the PU.1 activation
domain.

GATA-1 and GATA-2 Inhibit c-Jun Coactivation of PU.1
Transcriptional Activation Function by Competing for Bind-
ing to a Common Interaction Region in the PU.1 Ets Domain.
We have shown recently that the human protooncogene, c-Jun,
interacts with the b3yb4 region of PU.1 and enhances the
ability of PU.1 to transactivate myeloid target promoters such
as the M-CSF receptor (20). PU.1 cannot transactivate the
M-CSF receptor in F9 cells, which do not express endogenous
c-Jun, unless c-Jun is cotransfected into these cells (20).
Because c-Jun and GATA proteins both bind to the b3yb4
region of PU.1, the repression of PU.1 transactivation by
GATA proteins might be a result of disruption of the inter-
action of PU.1 with c-Jun. Therefore, we investigated whether
GATA proteins repress PU.1 transactivation by directly inter-
rupting the PU.1yc-Jun interaction. Both c-Jun and GATA-1
can bind specifically to the PU.1 DNA-binding domain indi-
vidually (Figs. 1 and 2; ref. 20). Addition of excess GATA-1
abrogated c-Jun interaction with the PU.1 DNA-binding do-
main. Importantly, transient transfection experiments demon-
strated that the coactivation of PU.1 function by c-Jun in F9
cells could be reversed by cotransfection of the GATA-1
expression vector on the multimerized PU.1-binding-site pro-
moter or both GATA-1 or GATA-2 on the M-CSF receptor
promoter (Fig. 4d). These results indicated that repression of
PU.1 activity by GATA proteins is mediated by displacement
of the PU.1 coactivator, c-Jun.

PU.1 Inhibits Both GATA-1 and GATA-2 Activation. To
investigate whether the interaction between PU.1 and GATA
affects GATA function, transient transfections were per-
formed by using a multimerized GATA-binding site in front of
a minimal TK promoter-luciferase reporter. Cotransfection of

GATA-1 and GATA-2 activated the reporter 12- and 9-fold,
respectively (Fig. 5, columns 10 and 12), but not the minimal
TK-luciferase reporter. A 5-fold excess of PU.1 plasmid fully
inhibited both GATA-1 and GATA-2 function (Fig. 5, columns
11 and 13).

DISCUSSION

PU.1, GATA-1, and GATA-2 are lineage-specific transcrip-
tion factors that are expressed in multipotential progenitor
cells (40). During lineage commitment, activation of specific
transcription factors has been shown to direct precursor cells
to a particular differentiation pathway (3, 41). Other lineage

FIG. 4. GATA proteins inhibit PU.1 transactivation by displacing
the PU.1 coactivator, c-Jun. (a) GATA proteins do not inhibit PU.1
binding to DNA. (Left) EMSA using a a-32P-ATP-labeled PU.1-
binding-site probe (32) and in vitro transcribed and translated PU.1
and GATA-1 proteins. PU.1 protein (0.2 ml) was used for each
reaction, along with increasing amounts of GATA-1 protein as indi-
cated. (Right) SDSyPAGE gel of in vitro transcribed and translated 2
ml of PU.1 and 2 ml of GATA used in EMSA. (b) GATA-1 and
GATA-2 do not inhibit PU.1 activation domain function. CV-1 cells
were transfected with 4 mg of multimerized GAL4 DNA-binding sites
in front of a minimal TK promoter used as a reporter. One hundred
nanograms of PU.1 activation domainyGAL4 DNA-binding domain
fusion protein (PUADyGAL4BD) in pcDNA3 was used as a trans-
activator, and GATA-1 or GATA-2 was added as indicated. Luciferase
activities were corrected by an internal-control Renilla luciferase
vector and shown as fold activation (6SD; n 5 3). (c) GATA-1 inhibits
c-Jun binding to PU.1. (Left) In vitro 35S-methionine-labeled c-Jun or
GATA-1 was incubated with GST-PU.1 Ets domain (GST-PU.1yETS)
or GST alone (GST). The amounts of GATA-1 and c-Jun added are
indicated at the top. (Right) SDSyPAGE gel of c-Jun (1 ml) and
GATA-1 (2 ml) used in the GST pull-down experiment. (d) GATA-1
inhibits c-Jun coactivation of PU.1 function. F9 cells were transfected
by using Lipofectamine Plus with 0.3 mg of 4XPU-TK, 0.1 mg of
PU.PECE, 0.05 mg of pSV-Sport1-c-Jun [a c-Jun expression vector
(20)], and 1.3 mg of pcDNA3-GATA-1. Luciferase activates were
determined 24 hr after transfection and shown as fold activation (6SD;
n 5 3). The same experiments were done by using the M-CSF receptor
promoter-luciferase reporter as shown (Right) using GATA-1 or
GATA-2.
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regulators must be inactivated to ensure normal lineage dif-
ferentiation. PU.1 transgenic mice induce erythroleukemia,
demonstrating that it is essential to block PU.1 function for
normal erythroid cell development (42). GATA-1, a critical
erythroid transcription factor, is likely to play a role in
inhibition of PU.1 function during erythroid cell differentia-
tion. We postulate that the activation of GATA proteins and
subsequent suppression of PU.1 function is a critical step in the
commitment of stem cells to the erythroid lineage and ery-
throid cell differentiation. As shown in the model in Fig. 6, our
results suggest that in hematopoietic stem cells andyor multi-
potential progenitors, GATA-2 occupies the b3yb4 region of
PU.1 to block PU.1 interaction with its coactivator, c-Jun. As
the result of this inhibition, stem cells either remain undiffer-
entiated or commit to the erythroid lineage. In erythroblasts,
GATA-1 blocks PU.1 function to ensure fully the maturation
of erythroid cells.

Here we have shown that a specific effect of both GATA-1
and GATA-2 is to functionally suppress PU.1 activity. Our
data suggest a mechanism in which negative regulation of one

lineage-specific regulator by another modulates function
through critical protein–protein interactions (N.W.-a. et al.,
unpublished results; refs. 23, 43, and 44). This supports a model
in which the timing, levels of expression (1), and combinations
of different regulators (3, 44) play a critical role in hemato-
poietic differentiation.

The PU.1 and GATA protein interactions were found by a
yeast two-hybrid screen method using the PU.1 DNA-binding
domain as a ‘‘bait’’ to screen a cDNA library derived from an
early myeloid cell line, EML. This screen detected GATA-2
but not GATA-1 because GATA-2 is highly expressed in EML
cells compared with GATA-1 (data not shown). Both yeast
two-hybrid and GST pull-down experiments demonstrated
that the C finger of GATA proteins interacts with the b3yb4
region of PU.1, which is located in the winged helix–turn–helix
PU.1 DNA-binding motif. It has been demonstrated that the
b3yb4 region interacts with a number of proteins (N.W.-a.,
unpublished results). Interestingly, the C finger of GATA
proteins also interacts with the PU.1 amino-terminal activation
domain. The GATA N finger binds neither the PU.1 activation
domain nor the b3yb4 region. Deletion mutations of the PU.1
activation domain and the b3yb4 region result in a loss of the
ability of GATA to bind to PU.1. These data demonstrate that
the C finger of GATA proteins not only possesses DNA-
binding function but also serves as a protein—protein inter-
action motif. Coimmunoprecipitation experiments were per-
formed to confirm that GATA proteins interact with PU.1 in
vivo.

Repression of PU.1 function is a critical step for erythroid
cell differentiation, because overexpression of PU.1 in eryth-
roblast blocks erythroid cell differentiation (42). We previ-
ously have reported that GATA-1 represses the PU.1 promoter
2-fold (2), and changes of transcription factor levels of this
magnitude can effect major changes in myeloid differentiation
(45). But PU.1 is still expressed in erythroblasts, albeit at low
levels compared with myeloid cells. Therefore, GATA-1 may
serve to inactivate those levels of PU.1 by interacting directly
with PU.1. AML-1B (19), CyEBPa (46), and c-Jun (20) all
interact with the b3yb4 region of PU.1 and synergize with PU.1
to activate downstream myeloid genes. Although GATA pro-
teins bind to the same region of PU.1 as these activators of
PU.1 function, they repress the ability of PU.1 to activate both
artificial and natural target promoters. The C finger portion of
GATA proteins interacts with PU.1. A deletion mutation of
the C finger of GATA-1 lost the ability to inhibit PU.1
function. However, an N terminal deletion of GATA-1 still
inhibited PU.1 function. These results suggest that one mech-
anism of GATA-1 inactivation of PU.1 is direct interaction
with PU.1 in committed erythroblasts, enabling full matura-
tion of erythrocytes, although it is still possible that GATA
proteins could work through indirect mechanisms such as
alteration of chromatin structure.

The PU.1 activation domain is known to interact with the
basal transcription factor TATAA-binding protein (47). Be-
cause both GATA-1 and GATA-2 also interact with this same
region of PU.1, they might block PU.1 function by blocking
TATAA-binding protein binding to PU.1. This hypothesis was
tested by using a system with multiple GAL4-binding sites to
drive luciferase gene expression as a reporter and using a PU.1
activation domain–GAL4 DNA-binding domain fusion pro-
tein as an activator. Cotransfection of neither GATA-1 nor
GATA-2 affected the transactivation function of the fusion
protein. Therefore, we investigated whether GATA inhibited
PU.1 function through other mechanisms.

Although GATA-1 and GATA-2 bind to the b3yb4 region
of the PU.1 DNA-binding domain, they do not block PU.1
binding to DNA. GST pull-down experiments demonstrate
that GATA-1 could compete with PU.1 interaction with its
coactivator c-Jun. Transient transfection assays demonstrated
that PU.1 itself could not activate myeloid target promoters in

FIG. 5. PU.1 inhibits GATA transactivation function. CV-1 cells
were transfected with 4 mg of pT81 (minimal TK promoter-driving
luciferase gene expression) or multimerized GATA-binding-site re-
porter (3XGATA-TK), 0.5 mg of GATA-1 or GATA-2 expression
vector, and 2.5 mg of PU.1 expression vector PU.pECE as indicated by
the CaPO4 method. Luciferase activity is shown as fold activation
above the level of activity seen with pT81 in the presence of the
expression vector backbone (pECE for PU.1 and pcDNA3 for
GATA-1 and GATA-2) (6SD; n 5 4).

FIG. 6. GATA-1 and GATA-2 inhibit PU.1 function at different
stages during hematopoietic cell differentiation to specific lineages
through protein—protein interactions. The model hypothesizes that in
stem cells, GATA-2 blocks PU.1 and c-Jun interaction and, therefore,
inhibits PU.1 activation of its downstream target genes. In erythro-
blasts, up-regulation of GATA-1 blocks coactivation of PU.1 by c-Jun.
But in developing myeloid progenitors, with decreased expression of
GATA-1 and GATA-2, PU.1 and c-Jun synergistically activate PU.1
target genes such as the M-CSF receptor (20). G-1, GATA-1; G-2,
GATA-2.
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c-Jun-deficient F9 cells (20). Cotransfected c-Jun acts as a
coactivator of PU.1 function in F9 cells, and expression of
GATA-1 reversed coactivation of PU.1 by c-Jun. Inactivation
of PU.1 in erythroblasts by GATA-1 may be due to disruption
of interaction of PU.1 with its coactivators, including c-Jun.

Low levels of GATA-1 and GATA-2 are detectable in early
myeloid progenitor cells (reviewed in refs. 3 and 13). Blocking
the function of GATA-1 and GATA-2 is a critical step for
myeloid differentiation (17, 18). As shown in Fig. 5, PU.1
inhibits both GATA-1 and GATA-2 activation in transient
transfections. Both the N and C fingers of GATA-1 interact
with other activators and coactivators, including Sp1, RBTN2,
FOG, and CBP. The GATA C finger is important for binding
to DNA, self-association, and protein—protein interactions
(48). PU.1 potentially could block these functions of GATA-1
as well as compete for factors such as Sp1 and CBP (49).
Studies of the mechanism of how PU.1 inhibits GATA function
will add to our understanding of how positive and negative
regulation of transcription factors during stem cell commit-
ment leads to lineage differentiation.

Note Added in Proof: A recent report described similar physical
interactions between GATA proteins and PU.1 and inhibition by PU.1
of GATA function in erythroid cells (50).
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